Introduction
The binary H 2 O-MgSO 4 is one of the most important systems to model natural aqueous fluids.
Magnesium sulfate is the second most abundant solute in Earth's seawater, and sulfate is very common in aqueous fluids and melts in the lithosphere 1 . Under oxidizing conditions, sulfate can be transported to great depth (at least to ∼40 km) in subduction zones and released into the fluid phase upon slab dehydration 2 . In addition, there is growing evidence that MgSO 4 plays a very important role in extraterrestrial aqueous environments. It is long known that magnesium sulfates are by far the most abundant water-soluble low-temperature aqueous alteration products in car-bonaceous chondrites 3 . Hydrated magnesium sulfates have been found on the surfaces of Mars 4 , and Europa 5 . Galileo spacecraft magnetometric measurements indicated an electrically conductive layer in the near-surface interior of the Jupiter moon Europa, interpreted as subsurface ocean with Mg 2+ and SO 2+ 4 as dominant dissolved ions 6 .
Aqueous MgSO 4 solutions have been studied extensively at ambient pressure, P, as a function of temperature, T . In an early work, Noyes et al. 7 related the electrical conductivity of aqueous MgSO 4 fluids to their degree of ionization. For a 0.01 molal solution, the electrical conductivity initially increases from ambient T to about 100 − 150 • C and is reduced again at higher temperatures 8 . Close to ambient conditions, a maximum in the specific conductivity was observed at a concentration corresponding to a 1.7 molal solution 9 .
Studies using ultrasonic absorption and dielectric relaxation spectroscopies have shown the simultaneous existence of different associated species 10, 11 , which according to the association model 4 Mg 2+ (aq), or more aggregated species are suggested 11 . Based on information from dielectric relaxation spectroscopy, the concentration of TIs increases strongly with temperature and concentration, and that of CIPs increases steadily with the total solute concentration at 5 and 25 • C and passes through a maximum at ∼1.8 molal at 45 • C and ∼1.4 molal at 65 • C, due to increasing TI formation 12 . The concentrations of 2SIPs and SIPs generally decrease with temperature and go through maxima at ∼0.1 and ∼0.5
Furthermore, temperature and concentration dependent changes of the symmetric stretching mode of sulfate (ν 1 −SO 2− 4 ) in Raman spectra of MgSO 4 solutions have been related to the coexistence of different sulfate species [13] [14] [15] [16] [17] . Although the interpretation of the observed spectra has been somewhat controversial, particularly on the assignment of the ν 1 −SO 2− 4 band component at ∼995 cm −1 to CIPs 14 , most authors agree that these changes are due to increasing concentrations of more associated species, including bidentate ligands, triple ions and larger clusters 15, 17 . The Raman data also suggest the dominance of CIPs at higher temperature 17 , which is in agreement with the relaxation spectroscopic studies mentioned above. The interpretation of the vibrational spectra was accompanied by ab initio simulation studies on hydrated clusters [18] [19] [20] .
However, much less is known about MgSO 4 in aqueous fluids at high P and T as present in planetary interiors. Ritzert and Franck 8 studied 0.01 molal MgSO 4 fluids at densities between 0.8 and 1.2 g/cm 3 and temperatures from ambient to 317 • C. They found generally higher electrical conductivity with increasing pressure at constant T , but this ceased at densities above 1.1 g/cm 3 , at least along isotherms to 87 • C. From an exploratory Raman spectroscopy study of an 0.5 molal MgSO 4 solution up to 1.1 GPa and 500 • C, Frantz et al. 21 conclude increasing MgSO 4 association with increasing P and T along an isochore corresponding to a density of about 1.0 g/cm 3 .
The distribution of sulfate species at high P, T and MgSO 4 concentrations, x, in these solutions is still largely unknown. Their determination requires not only in situ measurements but also reliable molecular modeling for interpretation of the experimental data. Here we combine both approaches to address this issue. While the simulations help to identify different species and their stability as a function of P and T , the experiments provide quantitative information on their distribution. Experimental methods that may provide direct or indirect information on the structure of aqueous fluids include optical spectroscopy 21 as well as x-ray and neutron scattering techniques 22 .
Raman spectroscopy is the experimental method of choice to study speciation in fluids at extreme conditions since it is element specific and sensitive enough to cope with the small sample volumes in high P − T optical cells 21, 23 .
Regarding different methods of molecular modeling, a reasonable compromise between accuracy and efficiency has to be made. Accurate vibrational frequencies of the sulfate group have been obtained from static cluster calculations of different species using quantum chemical methods [18] [19] [20] . Those frequencies may be representive of the fluid close to ambient conditions but they are not directly applicable to extreme conditions. For a quantitative analysis of speciation, a sufficiently large set of molecular configurations has to be sampled. For aqueous NaCl solutions, speciation was evaluated from long classical molecular dynamics simulations at ambient 24 and supercritical 25 conditions. However, it was shown recently 26 that both the binding free energy of NaCl in solution and the Na-Cl distance in SIPs vary considerably between popular classical force fields and more accurate density-functional theory (DFT) 27, 28 based calculations. Since MgSO 4 solutions are chemically more complex than NaCl solutions, their classical force fields are expected to be even less reliable, especially towards extreme conditions of P and T . We therefore chose an ab initio DFT-based approach to perform molecular dynamics simulations. The latter is computationally much more expensive than classical force field calculations and hence restrictions on system size and total simulation time are more severe. However, the kinetics of speciation changes is reasonably fast at the high temperatures of interest here. Another advantage of the quantum mechanical method chosen here over classical potentials is the ability to predict chemical reactions (e.g. hydrolysis) and hence the formation of new species without need of explicit parameterization.
Methods

Ab initio molecular dynamics simulations
The ab initio molecular dynamics simulations are performed using the Car-Parrinello technique 29 as implemented in the CPMD code 30 . The system consists of 120 water and four MgSO 4 molecules, which adds up to a total of 384 atoms. Such a relatively large simulation cell is needed to represent an about two molal solution and to allow for ion pairing, for which at least a few molecules of the solute need to be present. The calculations are performed using the BLYP exchange correlation functional 31, 32 in conjunction with Goedecker-type pseudopotentials 33 The final configurations of the 727 • C production runs are then cooled subsequently to 527, 327
and 227 • C keeping the cell volume constant. Again, short equilibration runs are performed at each temperature before production runs are started or the temperature is reduced further.
Raman spectroscopy
An externally heated Bassett-type hydrothermal diamond-anvil cell (HDAC) 36 
Results
Solvent structure from CPMD
Changes in the solvent structure with pressure at the highest temperature (727 • C) are similar to those discussed in a previous paper on aqueous LiF solutions 39 39 , there is a change in the slope of the oxygen-oxygen distance at high fluid densities (here between 1.2 and 1.4 g/cm 3 , see Figure 2 ). The first intermolecular peak in g OH (r) that is related to hydrogen bonding becomes more pronounced at lower temperature and is observed between 1.7 (highest density) and 2.0 Å (lowest density).
Some hydrolysis is observed especially at lower densities (see Figure 3 ). Both proton and hydroxide ions from dissociation of H 2 O molecules do not exist as free species but attach quickly to SO 2− 4 and Mg 2+ ions to form HSO − 4 and MgOH + containing complexes (see Figure 4 ).
Solute speciation from CPMD
During the course of the simulations a variety of solute species is observed, some of which are illustrated in Figure 4 . or bidentate ligand. The distinction between the latter is apparent in the g MgS (r) radial distribution function (see Figure 5 ). Especially at high temperatures, changes in the speciation are frequent even on the short picosecond time scale of the CPMD simulations. As a result, a distribution of mono-and bidentate ligands is observed over the whole density range. This distribution shows a shift from predominantly bidentate towards predominantly monodentate sulfate ligands with increasing fluid density ( Figure 5 ).
The distribution of vibrational frequencies of the four sulfur atoms is obtained from the power spectra z S (ν) of the velocity autocorrelation functions 40 . Note that these spectra contain all frequencies that involve motions of the sulfur atoms and that they are not directly comparable to the Raman spectra presented below, which are related to changes in the polarizability. Therefore, only the peak frequencies are compared and discussed but not the spectral shapes. As an example, the z S (ν) for the simulations at T = 272 • C and ρ = 1.10 g/cm 3 are shown in Figure 6 . In this case, three different aqueous species are identified. The first is a (SO 4 )Mg(SO 4 ) 2− (aq) tricluster where the two sulfate groups are both bonded to a single Mg. The corresponding sulfur frequency spectra are peaked at 988 and 967 cm −1 . Both sulfate groups act predominantly as monodentate ligands, but in the course of the simulation they are temporarily transformed into bidentate ligands (10 % and 40 % of the total simulation time, respectively). The second species is a Mg 2 (SO 4 )(MgOH) 3+ (aq) complex, that was not observed in simulations at other densities. The spectral weight of this complex is slightly shifted to higher frequencies (maximum at 1005 cm −1 ).
Finally, an HSO − 4 (aq) complex with a considerably higher peak frequency of 1090 cm −1 is observed. species are clearly concentrated in the lower density region at distinctly higher frequencies com-pared to those of SO 2− 4 containing species. Even though the scatter in the frequencies of the latter is large, CIPs with bidentate ligands appear to have higher frequencies than monodentate CIPs.
Adding a second (or third) Mg neighbor to a SO 2− 4 group may also increase the frequency slightly (see also Figure 6 ). Finally, the mean Mg coordination by oxygens is shown in Figure 8 . It increases almost linearly with density in the range considered here from dominantly 5-fold to 6-fold coordination. With decreasing temperature at constant volume, the coordination appears to increase slightly but the low-T results are much more scattered, which indicates that in this case longer simulation times are needed to provide reliable averages. which is assigned to HSO − 4 , i.e. ν s SO 3 of this ion 43 . Formation of hydrogen sulfate ions shows that in addition to
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take place and create buffer conditions. Even though the solution was significantly diluted due to formation of kieserite, comparison of the results from Raman spectroscopy and ab initio modeling is justified, because the changes in the sulfate speciation at constant P and T with MgSO 4 concentration are much larger in dilute solutions (< 0.25 molal) than at higher concentrations 17 . Indeed, HSO − 4 (aq) and MgOH + (aq) are found in the simulations at fluid densities lower than 1.2 g/cm 3 .
The considerable shift in the vibrational frequencies of sulfur atoms in HSO − 4 towards higher values is also confirmed (Figure 7 ).
Raman spectroscopy in the ν 1 (S-O) region is much more sensitive to the molecular environment of the sulfate molecule than the simulations. Since the number of components fitted to the spectra (three) is smaller than the likely number of frequent sulfate species, some of the highly associated species observed in the high P − T fluid must have very similar vibrational properties. 
